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Abstract: Vulnerability to natural disasters falls into three categories: exposure, resistance, and 
resilience, where resilience mainly refers to the capability of a pressure-bearing system to recover by 
returning to its initial state, that is, the ability to adapt to disaster pressure. Resilience is a major 
subject of research on disaster prevention and mitigation. This research mainly focuses on the ability 
of the hydraulic structure to recover from the significant impacts of typhoons. According to the 
load/unload response ratio theory, the degree of instability by which nonlinear systems can be 
identified according to the difference between load and unload responses was analyzed. This 
analysis was used as a basis to study the resilience of a hydraulic structure. Taking the Yangtze River 
embankments under the impact of Typhoon Matsa as an example, the ability of the typical sections 
of different types of embankments to adapt to the significant impact of the typhoon, i.e., the 
resilience of the hydraulic structure, is described with the help ofthe load/unload response ratio (L). 
The results of the calculated resilience reflect the actual conditions of the structure and can be used 
to determine the applicability of the embankment section. The load/unload response ratio theory is 
one of the effective tools for calculating the resilience of hydraulic structures under the significant 
impacts of typhoons. 
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1 Introduction 
Since the 20th century, there has been a significant increase in the number of natural 
disasters, economic losses, and sizes of the populations affected by global and regional natural 
disasters. The conditions and effects of natural disasters have become more and more serious, 
and disasters have become the largest obstacle to sustainable development. Minimizing the 
impact and the losses caused by disasters has become one of the most important prerequisites 
for sustainable regional development (Liu et al. 2006). Scholars unanimously asked for the 
enhancement of regional disaster reduction capacities and the improvement of emergency 
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management at the Second World Conference on Disaster Reduction held on Kobe, Hyogo, 
Japan in March, 2005, so as to achieve sustainable regional development. Targeted at reducing 
disaster risks, a series of comprehensive strategies for disaster reduction were proposed at the 
conference to lower the level of regional vulnerability, enhance resilience from disasters, 
strengthen the construction of comprehensive disaster reduction capacity, and establish 
national and community disaster resilience (Shi et al. 2005). Therefore, much attention has 
been paid to disaster management and mitigation related to the risks, vulnerability, resilience, 
and adaptability, in order to achieve sustainable development (Liu et al. 2006). 
Typhoons are one of the major types of natural disasters, and have become more and more 
serious due to global warming, resulting in global economic losses of up to tens of billions or 
even hundreds of billions of US dollars every year. The southeast coast is the most economically 
developed region in China, and is one of the most active typhoon areas. Meteorological records 
show that the region is struck by eight typhoons and strong winds per year. Typhoon Rananim in 
Zhejiang Province lasted for 15 hours in 2004, resulting in about 180 deaths and direct economic 
losses of 18.1 billion yuan. Hurricane Katrina in 2005 caused economic losses of more than 100 
billion US dollars. Wind-induced structural damage from Hurricane Katrina resulted in extensive 
energy supply disruptions across the Gulf of Mexico. Reed et al. (2010) investigated the 
resilience and recovery of the electric delivery system spatially and temporally, compared with 
results of other natural disasters. The super typhoon Saomai, occurring in 2006, led to the disaster 
of a major storm surge in the coastal areas of Zhejiang and Fujian provinces, resulting in a total 
loss of 7.0 billion yuan and a death toll of 230. 
There has been a variety of research on the vulnerability of victims. But disaster 
resilience research is still at a conceptual stage: there are no commonly accepted operational 
definitions or well-developed assessment models. The United Nations International Strategy 
for Disaster Reduction (UN/ISDR 2004) states that, in the face of potential pressures such as 
climatic scourge, resilience is a valuable feature of natural and human systems, that it 
contributes to sustainable development and reduction of vulnerability, and that it is worth 
further research. This research mainly focused on the ability of hydraulic structures to recover 
under the significant impacts of typhoons. Based on the load/unload response ratio theory, the 
degree of instability by which nonlinear systems could be identified according to the 
difference between load and unload responses was analyzed. The resilience of the hydraulic 
structure was studied using this analysis as a basis. Studies of the resilience of hydraulic 
structures under significant impacts of typhoons help enhance the level of disaster prevention 
and mitigation to some extent. 
2 Progress of studies of resilience 
The word resilience has been used to describe the capability of a pressure-bearing system 
to be restored or to recover by returning to the initial state. Holling (1973) first introduced 
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resilience into ecology as a measure to evaluate the ability of a system to adapt to the state 
variation while maintaining the ability to return to equilibrium. Handmer and Dovers (1996) 
believed that a system of greater stability would suffer less from a major disturbance and 
would quickly return to normal, and that a system of high resilience would be very unstable. 
Pimm (1984) assumed that resilience was the speed of the system to return to equilibrium after 
suffering from disturbance. Both of these perspectives were concerned with the preservation of 
the structure and functions of the system, but Holling emphasized the amount of disturbance a 
system could withstand, i.e., the stability, while Pimm’s perspective was based on the 
equilibrium state and focused on the comprehensive capacity, including restoration, 
resistance, sustainability, and changes of a system after suffering a disturbance. The 
pioneering studies on ecological resilience by Holling and Pimm produced a number of 
different perspectives and a variety of concepts related to ecological resilience. However, no 
unified view has been developed as to the common accepted operational definition of 
resilience after 30 years of debate. 
Although there has not been substantial progress in the ecological field of resilience 
research, the concept has been gradually applied in the research fields of social sciences and 
environmental changes to describe the behavioral responses in communities, institutions, and 
economic circles. Timmerman (1998) was the first to study the community’s resilience to 
climate changes, and correlated resilience with vulnerability. Timmerman defined the term 
resilience as the measure or part of a system’s capacity to recover from hazardous events. 
Studies of resilience over the past 30 years led to the establishment of the Resilience Alliance. 
The alliance is mainly made up of ecologists and ecological economists, aims to promote 
resilience studies and global sustainable development, and defines resilience from three 
perspectives (Carpenter et al. 2001): “the amount of disturbance a system can absorb and still 
remain in the same state as a domain of attraction; the degree to which the system is capable of 
self-organization (versus lack of organization, or organization forced by external factors); and 
the degree to which the system can build and increase the capacity for learning and 
adaptation”. With the increased attention paid to disasters and the deepening of disaster 
research globally, resilience, as a property of the disaster measurement system, was introduced 
into the science of disasters, and more and more scientists have started to pay attention to the 
significance of disaster resilience in disaster management. The studies conducted by Pelling 
(2003) focused on human (individual) vulnerability, and divided the vulnerability to natural 
disasters into three components: exposure, resistance, and resilience. Pelling described 
resilience as the ability of the actor to respond or adapt to the pressure of natural disasters, and 
resilience is the level of preparedness planning for potential disasters, including relief and 
rescue. He also said that formal and informal insurance mechanisms were the most effective 
policy measures to enhance the resilience. Wang and Blackmore (2009) reviewed the existing 
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approaches to system resilience, and proposed a scheme to quantify the resilience of water 
resources systems considering possible functional relationships or interdependencies of three 
aspects of resilience in water resources systems. This paper examines the resilience of 
hydraulic structures under the influence of typhoons and focuses on the level of preparedness 
planning of hydraulic structures under the significant impacts of typhoons. 
3 Calculation of resilience of hydraulic structures 
According to the dynamic stability theory, the change of any state or thing is a movement 
and involves stability. The limit equilibrium state of a system indicates the shift from one state 
of equilibrium to another, that is, an abrupt change of the state of the system occurs. Yin and 
Yin (1991) proposed the load/unload response ratio theory, which absorbs the latest 
achievements in scientific research (in nonlinear science, system science, etc.) and combines 
them with modern theories of earthquake prediction. The basic perspective of the theory is that 
one of the basic precursors of the instability of a nonlinear system is the increase of the 
load/unload response ratio of the system. The load/unload response ratio of a nonlinear system 
before losing stability is referred to as L, which can be used to quantify the level of deviation 
of a nonlinear system from a stable state (or the degree of proximity to instability). Therefore, 
L is a quantitative parameter that reflects the degree of proximity of a nonlinear system to 
instability and can be defined as follows: 
         +=L X X −                                 (1) 
where +X  and X −  respectively stand for the load and unload response ratios. The response 
ratio X is defined as 
0
lim
P
RX
PΔ →
Δ
=
Δ
                               (2) 
where PΔ  is the variation of load P, and RΔ  is the variation of response R. 
When the load is small, the system is stable; there is a linear or nearly linear relationship 
between P and R, and the load response ratio +X  and the unload response ratio X −  are 
basically equal. If the load keeps increasing gradually close to the critical value crP , the 
system tends to be unstable and the response ratio increases with the load. When the system is 
unstable, XėĞ. The dimensionless quantity, namely the definition of L , is found to be   
+ + +ǻ ǻ= = ǻ ǻ
X R PL
X R P
− − −
                              (3) 
where +ǻR  and +ǻP  are the increased response and load, and ǻR− and ǻP−  are the 
decreased response and load, respectively. For a flexible system, +X  = X −  = constant, thus 
L  = 1.0. For a nonlinear system, the L  value is correlated with the stability of the system. 
That is, when the system is in the stable state, L = 1.0; when the system deviates from the 
stable state, L > 1.0; and when the system is unstable, LėĞ. Therefore, the L  value can 
quantify the degree of deviation of a nonlinear system from the stable state and also be used as 
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a measure of prediction for a nonlinear system losing stability. Therefore, the ability to adapt 
to disaster pressure, i.e., the resilience of the hydraulic structure under the significant impact 
of typhoons, can be described through computing L  of the original and the reinforced 
sections of different types of embankments. 
4 Examples  
A Yangtze River embankment (Taicang Section) was built in Taicang City, Suzhou, 
located on the south bank of the Yangtze River Estuary in southeastern Jiangsu Province, in 
1998. The embankment was designed to withstand once-in-a-century floods, and the 
protection cover of the embankment was mainly made up of stone masonry. This area has been 
greatly influenced by tides due to its location in the estuary region of the lower reaches of the 
Yangtze River, and is vulnerable to typhoons due to its proximity to the waterfront area. In the 
case of floods, typhoons, and astronomic tides occurring simultaneously, the embankment 
would face a severe challenge. Typhoon Matsa landed in 2005 at Ganjiang Town in Yuhuan 
County, Taizhou City, Zhejiang Province, and moved north-northwestward (Fig. 1). At 22:00 
on August 5, 2005, the spiral cloud on the periphery of the typhoon entered inland areas from 
the Yangtze River Estuary and the wind did not decrease until 6:00 on August 7. During the 
affected period, Taicang City was suffered from a strong ten-Beaufort-scale wind with a 
maximum speed of 28.1 m/s (approximating 11 on the Beaufort scale), and the measured 
maximum wind speed at Qipu Gate reached 30.9 m/s (approximating 12 on the Beaufort scale). 
The Yangtze River embankment (Taicang Section) was suffered from floods and high tides, 
and the protection cover was damaged (as shown in Fig. 2).  
 
Fig. 1 Path map of Typhoon Matsa 
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Fig. 2 Damage to Yangtze River embankment 
The Taicang Municipal Bureau of Water Resources organized rehabilitation of the 
damaged embankment after the typhoon, called the original embankment sections hereinafter, 
and reinforced the vulnerable sections with a protection cover of the grid type on the masonry 
cover, in 2006. With a goal of researching the resilience of the Taicang Section of the Yangtze 
River embankment in recovering from the effects of Typhoon Matsa, the results of the 
embankment section model tests were referenced (Su 2005). Wave flumes were mainly used in 
these model tests to observe the structural stability of the original and the reinforced section 
types and to measure the wave pressures on the protection cover under different wave 
conditions, so as to study the mechanisms of wave action on the embankment. These tests 
were designed according to the similarity criteria for gravity. 
4.1 Analysis of wave forces of original embankment sections 
The wave force due to the effects of Typhoon Matsa was the main cause of the damage to 
the stone masonry sections of the original Taicang embankment. At 3:00 on August 7, 2005, 
waves with a high water level of 5.92 m were driven by the typhoon onto the embankment and 
impacted the section. The impact of the waves on the section can be divided into two 
categories: first, with the rising of the water level, the waves were broken by the stone 
masonry, and the protection cover was impacted when the waves moved to the front edges of 
the retaining walls; and second, the waves impacting the retaining walls were broken and 
splashed in the vicinity of the protection cover. The latter resulted in a greater impact on both 
the retaining walls and the protection cover. The structure of the section led to the 
concentration of the wave forces on the protection cover, which damaged the stability of the 
section. The impact of waves on the protection cover was not durable but devastating. 
Fig. 3 shows the distribution of the impact pressure by waves with a cycle of T = 5.0 s and 
average wave heights H of 0.6 m (load case 1), 0.8 m (load case 2), 1.0 m (load case 3), 1.1 m 
(load case 4), and 1.2 m (load case 5). For example, for survey point 5, with the wave height 
increasing from 0.6 m (load case 1) to 1.2 m (load case 5), the wave pressure increased 
correspondingly. Thus it can be seen from the figure that the wave pressure increases with the 
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wave height, and the locations of the maximum impact by the waves on the slope are at survey 
points 5, 6 and 7. With the lowering of the wave height, the pressure on the protection slope 
tends to show linear distribution. When the wave pressure decreases toward the top of the 
slope, the decrease speed slows down. The wave pressure lines tend to become flat from 
survey point 12 onward. 
   
Fig. 3 Wave pressures on protection cover of original sections in typical load cases with different wave heights 
(Data in figure are from load case 5)  
4.2 Analysis of wave pressures on sections of reinforced engineering 
The wave pressures on reinforced sections are considered based on two gradients (m = 
2.0 and m = 2.5) of the grid cover. 
(1) m = 2.0: Fig. 4 shows the envelopes of wave impacts at different survey points on the 
grid cover, caused by wave actions with a cycle of T = 5.0 s at different wave heights. It can be 
seen from the figure that the positions of the maximum wave pressure on the protection cover 
are at survey points 11, 10, and 9, and the wave pressure decreases downward from the point 
of the maximum wave pressure, and the wave pressures on the lower grids decrease very 
slowly in the case of lower wave heights and tend to be linear. When the wave height increases, 
the maximum wave pressure increases obviously but is far less than that on the masonry cover 
in Fig. 3. Therefore, the role of energy dissipation of the grid cover significantly decreases the 
wave impact pressures on the cover.  
The wave pressure on the platform of the embankment is approximately uniformly 
distributed, and the wave pressure increases at the joints between the platform and the upper 
grids, at survey points 22, 23 and 24, due to the reflection of the breaking of the wave run-up 
at the upper grids and the concentration of wave energy. The wave pressure increases 
sharply at survey point 22 on the upper grids toward the concrete wave wall, caused by the 
breaking of the wave run-up. The wave energy at the upper grids attenuates rapidly and the 
pressures also decrease from survey point 24 due to the role of gravity and the friction 
against the protection cover. 
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Fig. 4 Wave pressures on protection cover of reinforced sections in typical load cases (m =2 .0) with different 
wave heights (Data in figure are from load case 5) 
(2) m = 2.5: Fig. 5 shows the envelopes of wave impacts at different survey points of the 
grid cover, caused by wave actions with a cycle of T = 5.0 s at different wave heights. It can be 
seen from the figure that the maximum wave pressure on the grid, when m = 2.5, is higher 
than that when m = 2.0, occurring at survey points 10, 11, and 9. The distribution of the other 
parameters is similar to that when the gradient of the grid cover is m = 2.0. 
 
Fig. 5 Wave pressures on protection cover of reinforced sections in typical load cases (m = 2.5) with different 
wave heights (Data in figure are from load case 5) 
4.3 Analysis of calculated resilience  
The parameters in the original embankment section and the two kinds of reinforced 
sections (m = 2.0 and m = 2.5) were calculated based on the load/unload response ratio theory. 
To simulate the load and unload conditions, the process of average wave height changing from 
0.6 m to 1.0 m was regarded as the loading stage, while the process of average wave height 
changing from 1.0 m to 1.2 m was regarded as the unloading stage. During the loading stage, 
the increased response is the changed wave pressure. For example, the increased load +ǻP  
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and response +ǻR  for the original sections were calculated as +ǻ 1.0 0.6 0.4P = − = ; 
+ǻ 19.05 8.11 10.94R = − = , so the ratio + + +ǻ ǻ 27.35R R P= = . During the unloading stage, 
the decreased response is also the changed wave pressure. For example, the decreased load 
ǻP
−
 and response ǻR
−
 for the original sections were calculated as ǻ 1.2 1.0 0.2P
−
= − = ; 
ǻ 23.86 19.05 4.81R
−
= − = , so the ratio ǻ ǻ 24.05R R P
− − −
= = . Based on the above, L  = 
+ 27.35 24.05 1.14R R− = = . Table 1 shows the corresponding results. 
Table 1 Calculation results of L 
As can be seen from Table 1, the L value of the original section is 1.14, greater than 1.0, 
which means that the system deviates from the stable state under the significant impact of 
typhoons. The L values of the reinforced sections are nearly equal to 1.0, which means that the 
system maintains the stable state under the significant impact of the typhoons. The L value in 
case of m = 2.0 is slightly lower than that in the case of m = 2.5, which indicates that when the 
gradient of the lower grid is m = 2.0, the grid sections are safer and more durable, and can be a 
priority selected section type.  
5 Conclusions 
(1) The degree of instability of nonlinear systems can be identified according to the 
difference between load and unload responses. The load/unload response ratio theory was used 
to study the resilience of hydraulic structures. For a nonlinear system, if L = 1.0, the system is 
in the stable state; when the system deviates from the stable state, L > 1.0. The L  value can 
quantify the degree of deviation of a nonlinear system from the stable state and can also be 
used as a measure of prediction for a nonlinear system losing stability.  
(2) The resilience of the hydraulic structure under the significant impact of typhoons can 
be described through computing L. Also the different types of structure under the significant 
impact of typhoons may have different L values. Taking the Yangtze River embankments 
under the impact of Typhoon Matsa as an example, according to the existing experimental data, 
the L values of the typical sections of different types of embankments under the typhoon 
disaster were calculated. The results show that the calculated resilience reflects the actual 
conditions. The example further shows that the calculated L of different hydraulic structures 
during the typhoon disaster can be used to optimize the structure type. 
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